A series of cyanophenyl-substituted poly(aryl ether ketone)s (PAEKs) have been successfully synthesized from two new bisphenol monomers, (3,4-dicyano) phenylhydroquinone and (4-cyano) phenylhydroquinone respectively, and the thermal behaviour and the solubility have been characterized. These polymers exhibited high glass transition temperatures and excellent thermal stability. The glass transition temperatures ranged from 173 to 217 o C, and 5% weight-loss temperatures were above 470 o C. The solubilities of these polymers have been remarkably improved in common organic solvents over PEEK and PEN. Some polymers formed transparent, strong, and flexible films, with tensile strength of 106.5-125.2 MPa, Young's moduli of 2.68-3.20 GPa, and elongations at break of 9-16 %.
Introduction
Poly(aryl ether)s polymers are a class of high performance engineering thermoplastics known for their excellent combination of chemical, physical and mechanical properties. Many kinds of poly(aryl ether)s containing ketone, sulfone and cyano groups were prepared by the reaction of bisphenols with activated dihalo monomers. This class of advanced materials has currently received considerable attention for their potential application in aerospace, optoelectronics and other high technology fields. Among these high performance materials, ketone functional polymers (e.g. PEEK) and cyano functional polyethers (e.g. PEN) have gained significant commercial importance [1] [2] [3] . However, it is difficult for conventional PEEKs and PENs to be used as thin film and coating materials because of their poor solubility. In addition, their poor solubility requires polymerization conditions that are rigorous. Therefore, considerable research has been focused on the preparation of high performance and soluble aromatic polyethers [4] [5] [6] [7] [8] .
On the other hand, in the last few years more and more attention has been paid to their functionalization [9] [10] [11] [12] [13] [14] [15] [16] , which could be achieved either by chemical modification of the polymer or by direct synthesis using functional monomers. The cyano group on the aromatic ring (PEN) appears to promote adhesion of the polymer to many substrates [17] [18] , possibly through reaction or polar interaction with other functional groups [19] [20] . Moreover, it can serve as potential site for polymer crosslinking [21] [22] .
In this paper, we present the synthesis of two new bisphenol monomers, (3,4-dicyano) phenylhydroquinone and (4-dicyano) phenylhydroquinone. The preparation and some properties of poly(aryl ether ketone)s with cyanophenyl and dicyanophenyl pendant groups are described and discussed.
Results and discussion

Synthesis of Monomers
The bisphenol monomers 4 and 7 were synthesized by the coupling reaction of (3,4-dicyano)-phenyldiazonium chloride and (4-cyano)-phenyldiazonium chloride with 1, 4-benzoquinone in the presence of NaHCO 3 to yield bisphenol 4 and 7, respectively, followed by reduction with Zn/HCl (Scheme 1). The structures of compounds 2, 3, 4, 6 and 7 were confirmed by means of MS, IR, NMR spectroscopy, and elemental analysis. In the IR spectra, compounds 3 and 4 showed an absorption band around 1657 cm -1 due to symmetric stretching of carbonyl groups. After reduction, this characteristic absorption has disappeared, but the characteristic bands of hydroxy groups around 3308 cm -1 appeared. All the compounds showed cyano absorption band around 2240 cm -1 . Figure 1 shows the 1 H NMR spectra of bisphenol monomers 4 and 7. The signals at 9.37 and 9.00 ppm in the 1 H NMR spectrum of 4, and 9.08 and 8.90 ppm in the 1 H NMR spectrum of 7 can be assigned to the hydroxyl protons that could not be observed in the spectrum of corresponding quinone. The 13 C NMR spectra of 4 and 7 exhibit 12 and 11 peaks, respectively. The peaks at 117.21 and 117.10 ppm in 13 C NMR spectra of bisphenol 4 and 7 are assigned to cyano carbon, respectively.
Synthesis of Polymers 8 and 9
Polymers 8a-8c were obtained from polymerization of 4 with three different difluorinated aromatic ketones, as shown in Scheme 2. The polymerization was carried out in the presence of K 2 CO 3 in DMAc as the solvent at 150 o C after removing the water from the reaction system by the azeotropic distillation of toluene. Polymers were readily obtained in 4-6 h. The inherent viscosities of the resulting polymers ranged from 0.65 to 1.11 dl/g in DMAc ( Table 1 ). The chain structure of polymers 8a-8c was confirmed by FTIR and NMR. The FTIR spectra of polymers show the characteristic absorption bands around 1657 cm -1 due to aryl carbonyl groups, around 1225 cm -1 based on aryl ether linkages, and 2223 cm -1 corresponding to cyano moieties. In the 1 H NMR spectra of the polymers, the signals at 7.03-8.34 ppm are assigned to the aromatic protons in the polymer chain. The chemical shifts of corresponding protons besides the carbonyl exhibit a little difference because of the asymmetric substitution of 3, 4-dicyanophenyl group. A typical set of NMR spectrum of polymer 8b is shown in Figure 2A , which agrees well with the proposed polymer structure. Polymers 9a-9c were obtained from polymerization of bisphenol 7 with three different difluorinated aromatic ketones, as shown in Scheme 2. The inherent viscosities of resulting polymers range from 0.46 to 0.80 dl/g in DMAc ( Table 1 ). The FTIR spectra of polymer show the characteristic absorption bands around 1655 cm -1 due to aryl carbonyl groups, around 1225 cm -1 based on aryl ether linkages, and 2228 cm -1 corresponding to cyano moieties. In the 1 H NMR spectra of the polymers, the signals at 7.03-8.34 ppm are assigned to the aromatic protons in the polymer chain. A typical set of NMR spectrum of polymer 9b is shown in Figure 2B , which agrees with the proposed polymer structure. The crystallinities of these polymers were evaluated by wide-angle X-ray diffraction (WAXD). All the polymers exhibit amorphous patterns.
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Fig. 2.
1 H NMR spectra of polymer 8b (A) (DMSO-d 6 ) and polymer 9a (B) (CDCl 3 ).
Properties of Polymers 8 and 9
The thermal properties of the polymers were evaluated by DSC and TGA, as summarized in Table 1 . The T g s of polymers 8a-8c are 179, 186 and 217 o C, respectively. The T g s of polymers increased in the following order: 8a<8b<8c. This can be explained by the introduction of carbonyl and naphthalene groups into the polymer chains resulting in an increase in T g of polymers. In the case of 8a and 8b, the difference results from more carbonyl groups in 8b than those in 8a, which causes the increase in the rigidity of the polymer chains and the increase in the ratio of ketone to ether, thereby the T g value of 8b is higher than that of 8a; the T g value of 8b is lower than that of 8c because the substitution of naphthalene to benzene results in the increase in the steric hindrance and difficulty in the segment motion in polymer 8b.The T g s of polymers 9a-9c are 173, 178 and 214 o C, respectively. The order of T g s of polymer series 9 is similar to that of polymer series 8. However, the T g values of the cyano polymer series 9 are lower than those of their corresponding dicyano polymer series 8. A possible explanation for the higher T g values of the dicyano polymer series 8 is that the substitution of dicyanophenyl will enhance the intermolecular interaction. And that there are two CN groups on each benzene ring of polymer series 8, but there is only one on the benzene ring of polymer series 9, which causes the increase in steric hindrance and reduced segmental motion, and thereby, the difficulty is increased in segmental motion of polymer series 8. No melting endotherms are observed in DSC traces, which further confirm the amorphous nature of these polymers.
Tab. 1. Thermal properties of polymers.
Polydispersity These polymers exhibit good thermal stability. As summarized in Table 1 , the temperatures of the polymer series 8 at a 5% weight loss are above 470 o C, and the polymer series 9 are above 500 o C. The temperatures of all polymers at a 10% weight loss are above 500 o C in nitrogen.
Tab. 2. Solubility of polymers.
＋＋, soluble at room temperature; ＋-, partially soluble; --, insoluble. CHCl 3 , chloroform; THF, tetrahydrofuran; DMF, N,N-dimethylformamide; DMAc, N,N-dimethylacetamide; NMP, N-methyl-2-pyrrolidone; H 2 SO 4 , concentrated sulfuric acid.
The solubilities of the polymers in some solvents are listed in Table 2 . It is well known that the conventional PEN and PEEK cannot be dissolved in most known organic solvents. In sharp contrast, all of the polymers are soluble at room temperature in aprotic polar solvents such as NMP, DMAc and DMF. Polymers 9a-9c also can dissolve in less polar solvents such as chloroform and tetrahydrofuran (THF). The good solubility of these polymers can be attributed to the introduction of the bulky substituents that disturb the close packing of the polymer chains and lead to the increase of the free volume. Therefore, it will become easier for solvents to solubilize these polymers. However, the solubilities of polymer series 8a-8c are a little lower than those of polymer series 9a-9c. They are soluble in tetrahydrofuran (THF) and chloroform at room temperature. A possible explanation is that there are more CN groups on the benzene rings of series 8, therefore, the polarity of polymer series 8 is stronger than that of polymer series 9, and it is more difficult for the former to dissolve in solvents with a weak polarity. All the polymers are found to be soluble in concentrated sulfuric acid like PEN and PEEK.
The mechanical properties of the polymers 8c and 9a-9c thin films cast from NMP are summarized in Table 3 . These films are transparent and strong. These polymers films have tensile strength of 106.5-125.2 MPa, Young's moduli of 2.68-3.20 GPa, and elongations at break of 9-16 %, indicating that they are strong materials. For polymer 8a, it is not possible to obtain its film because of its low molecular weight. For polymer 8b, the obtained film is very fragile and it is not possible to measure its mechanical properties via routine methods.
Tab. 3.
The mechanical properties of polymers 8c and 9a-9c. 
Instrumentation
The 1 H NMR and 13 C NMR spectra were recorded on a Bruker 510 instrument using dimethysulfoxide-d 6 (DMSO-d 6 ) as the solvents. The IR spectra were recorded using the KBr pellet method with Nicolet Impact 410 FTIR spectrophotometer. The elemental analysis was carried out with a Thermoquest CHNS-O elemental analyzer. The Gel permeation chromatograph (GPC) analysis was carried out with a Waters 410 instrument with tetrahydrofuran as the eluent. The glass transition temperatures (T g s) were determined using a modulated DSC (model Mettler DSC821 e ) instrument at a heating rate of 20 o C /min under nitrogen flow of 100mi/min. The reported T g values were recorded from the second scan after first heating and quenching. Thermogravimetric analysis was performed on a Perkin Elmer Pyris 1 TGA instrument under nitrogen atmosphere (100 ml/min) at a heating rate of 10 o C /min. The mechanical properties of thin films (about 0.2 mm, cast from a NMP solution onto to glass plates, and followed by being heated 100-120 o C in vacuum) were evaluated at room temperature on an Instron 1121 instrument at a strain rate of 10 mm/min.
Monomer synthesis
-Synthesis of (3,4-dicyano)aniline (2) The 4-nitrophthalonitrile 1 (17.30 g 0.1mol), was added to a mixture of methanol (200 mL) and concentrated hydrochloric acid (36% 70 mL), and then the suspension was heated to boiling. Iron powder (16 g ) was added in a small portion each time over 12 h. After that, the hot mixture was filtered and the filtrate was poured into cold water. The solid was then collected and dried in a vacuum oven. Yellow crystals were obtained after recrystallization from benzene. -Synthesis of (3,4-dicyano)phenylquinone (3) To a 1000 mL beaker equipped with a mechanical stirrer, a dropping funnel, and a thermometer were placed water (50 mL), ice( 50 g) and compound 2 (5.575 g, 0.025 mol). Hydrochloric acid (21 mL) was added dropwise into the stirring mixture through the dropping funnel, and then a concentrated aqueous solution of sodium nitrite (1.725 g, 0.025 mol) was added dropwise. The mixture was stirred for 1 h at 0-5 o C, and changed into an opaque suspension. The resulting solution was filtered and added dropwise to a mixture of 1,4-benzoquinone (2.16 g, 0.02 mol), sodium bicarbonate (16.80 g, 0.2 mol), and water (100 mL). After that, the reaction mixture was stirred at [10] [11] [12] [13] [14] [15] o C for about 2 h and then at room temperature for 2 h. Then the precipitate was collected by filtration and washed thoroughly with water and kept at 60 o C in a vacuum oven. Brown crystals were obtained after recrystallization from n- J=8.0Hz, 1H ).
-Synthesis of (3, 4-dicyano)phenylhydroquinone (4) [23] Into a 250 mL three-necked flask equipped with a mechanical stirrer, a dropping funnel and a condenser were placed compound 3 (11.70 g, 0.05 mol), zinc powder (9.75 g, 0.15 mol) and water (200 mL). Hydrochloric acid (36%, 34 mL) was added dropwise into the mixture under stirring and refluxed over a period of 1 h. After this addition, the reaction system was allowed to reflux for 0.5 h. The hot mixture was then filtered and the filtrate was poured into a large amount of water. Next, the solid was collected and dried in a vacuum oven. A white solid was obtained after recrystallization from the mixture of water and ethanol (6/4, v/v -Synthesis of (4-dicyano)phenylquinone (6) The procedure for the synthesis of compound 6 was similar to that of the synthesis compound 3. Yellow crystals were obtained after recrystallization from n-butanol. J=9.5Hz, 1H ).
-Synthesis of (4-dicyano)phenylhydroquinone (7) The procedure is similar to that of the synthesis of compound 4. White crystals were obtained after recrystallization from dimethylbenzene. 
Polymer synthesis -Synthesis of polymers 8a-8c
The synthesis of polymer 8a is given as a typical example as follows. To a three-neck round-bottom flask equipped with a mechanical stirrer, a Dean-Stark trap, a condenser, and a nitrogen inlet were added 4,4'-difluorobenzophenone (0.01 mol) and bisphenol (compound 4, 0.01 mol). Then 13 mL of DMAc, 15 mL of toluene, and potassium carbonate (0.011 mol) were charged into the reaction flask. Under an atmosphere of nitrogen, the mixtures was heated to 140 o C and maintained at that temperature for 2 h to remove all water from the reaction mixture as an azeotrope with toluene. The polycondensation was continued 4-6 h at 150 o C. Then the viscous solution was slowly poured into water. The polymer was pulverized into a powder using a blender. The polymer powder was washed several times with hot water and methanol, and dried at 110 o C for 24 h. The procedure for the synthesis of the precursor polymer 9 containing a cyanophenyl group is similar to that for polymers 8. 
